B cells, ab T cells and cd T cells are conserved lymphocyte subtypes encoding their antigen receptors from somatically rearranged genes. ab T cells undergo positive selection in the thymus by engagement of their T cell receptors (TCRs) with self-peptides presented by major histocompatibility complex molecules 1 . The molecules that select cd T cells are unknown [2] [3] [4] . Vc5 + Vd1 + cells comprise 90% of mouse epidermal cd T cells 4 . By mapping and genetic complementation using a strain showing loss of Vc5 + Vd1 + cells due to a failure of thymic selection, we show that this defect is caused by mutation in Skint1, a newly identified gene expressed in thymus and skin that encodes a protein with immunoglobulin-like and transmembrane domains. Skint1 is the prototypic member of a rapidly evolving family of at least 11 genes in mouse, with greatest similarity to the butyrophilin genes. These findings define a new family of proteins mediating key epithelial-immune interactions.
In recent years, T cells expressing gd TCRs have emerged as an important component of the immune repertoire. gd T cells are predominant in various murine epithelia, including those of the skin, intestine, lung and reproductive tract 2, 3 . These epithelia constitute the primary barrier to diverse environmental insults. In mouse, epithelial compartments contain gd T cells with specific TCR V gene segments 2, 3 .
For example, in epidermis, 95% of T cells are gd + , and of these, 90% express the Vg5Vd1 TCR 4 . These gd T cells are generated by positive selection in the fetal thymus, after which they migrate to the skin [1] [2] [3] [4] . Such stereotypical TCRs are proposed to respond to common antigens and provide signals of infection or other physiologic perturbation [2] [3] [4] . The role of gd T cells is demonstrated by mice genetically engineered to lack all such cells. These mice are susceptible to bacterial, protozoal and viral infection and morbidity [5] [6] [7] [8] [9] [10] [11] , cutaneous carcinogenesis 12 and autoimmune and allergic inflammation [13] [14] [15] , and they show defects in wound repair 16 and development of immune memory 17 . In contrast to the well-defined mechanisms of positive selection in ab T cell development, the mechanisms selecting any gd T cell repertoire are unknown. Although it has been hypothesized that ligands might be expressed in fetal thymic and target organ epithelia, serving in both positive selection and tissue localization and maintenance, no such molecules have been identified [2] [3] [4] .
Recently, the FVB/N Mus musculus mouse strain from Taconic Laboratories (FVB Tac ) has been found to have a selective deficiency for epidermal Vg5 + Vd1 + T cells; this defect is not observed in other strains, including the FVB/N strain from Jackson Laboratories (FVB Jax ). This deficiency is attributable to loss of thymic positive selection of Vg5 + Vd1 + T cells and is complemented in culture by wild-type thymic stromal cells 4 . The trait demonstrated autosomal recessive transmission in an FVB Tac Â FVB Jax cross, suggesting use of positional cloning to identify this gene and gain insight into gd T cell development.
In an F 2 cross between FVB Tac and C57BL/6J (B6), proportions of epidermal Vg5 + Vd1 + T cells fell cleanly into high and low modes in a proportion closely approximating 3:1 (74:28), supporting simple autosomal recessive transmission with complete penetrance (Fig. 1) . We genotyped 143 informative genetic markers distributed across the genome in the F 2 mice. Multipoint analysis yielded a maximum lod score of 25.3 (odds in favor of linkage 410 25 :1) to a 2-cM segment of chromosome 4 bounded by D4Mit146 and D4Mit12 (Fig. 2a) . Lod scores were strongly negative (below -2) across all other chromosomes.
Three mice showed recombination of the trait locus with either D4Mit146 or D4Mit12. Genotyping of 93 additional polymorphisms in the interval between them identified 65 consecutive SNPs showing complete linkage to the trait (lod score 26.1), localizing the gene responsible for Vg5 + Vd1 + T cell deficiency to a lod -3 interval of 3.3 Mb, delimited proximally by rs13477910 and distally by a newly identified C-to-T transition at bp 113,807,721 (Fig. 2a,b) .
Genotyping of 136 microsatellite markers in FVB Jax and FVB Tac confirmed that these two strains are completely inbred and isogenic, indicating that the Vg5 + Vd1 + T cell deficiency mutation in FVB Tac arose de novo in the B20 years since these strains last shared a common ancestor. We consequently sequenced known and putative exons in the lod -3 interval in these strains, expecting to find a single sequence change representing the causative mutation.
Evaluation of the linked interval identified 15 known or predicted genes ( Fig. 2c and Supplementary Fig. 1 online) . Sequencing of their exons and splice sites, encompassing B30,000 base pairs, revealed a single substitution between FVB Jax and FVB Tac . This mutation occurred in LOC384040, a partially predicted gene that we have now fully characterized and named Skint1 (for selection and upkeep of intraepithelial T cells 1) ( Fig. 3a and Supplementary Fig. 2 online) . Skint1 encodes a protein of 364 amino acids predicted to include a signal sequence, sequential immunoglobulin-like domains of the IgV and IgC types, three transmembrane domains (TMDs) and a short cytoplasmic C terminus (Fig. 3b,c and Supplementary Fig. 3 online) . The eight exons of Skint1 are modular, with seven protein-coding exons each encoding a distinct domain (Fig. 3b,d ). Reverse transcription PCR (RT-PCR) of RNA from diverse tissues ( Fig. 3e and Supplementary Fig. 4 online) revealed robust expression of Skint1 only in thymus and skin-specifically, in thymic epithelial cells and keratinocytes-but not in Vg5 + Vd1 + T cells. Skint1 is expressed at embryonic day 15 (E15) and continuing into adulthood.
The mutation that distinguishes FVB Tac from FVB Jax changes codon 324 of Skint1 from GAA (glutamate) to TAA (stop) (Fig. 4a) , truncating the encoded protein before the putative third TMD (Fig. 4b) . The Glu324Stop mutation is absent in B6 and 21 other strains, and it precisely co-segregates with Vg5 + Vd1 + T cell deficiency in the F 2 cross as well as in the previously described 4 isogenic FVB Jax Â FVB Tac backcross (lod score 29.5). Because the de novo mutation rate in mouse is estimated to be B4. per site per year 18 , we would anticipate finding such a substitution between FVB Jax and FVB Tac in o0.5% of random 30-kb segments. Vg5 + Vd1 + deficiency in FVB Tac is detectable at E17 as deficiency of mature Vg5 + Vd1 + T cells in the thymus (defined as Vg5 + Vd1 + T cells expressing high levels of CD45RB) 4 . We attempted genetic rescue of this defect by injection of single-cell FVB Tac embryos with a construct containing wild-type FVB Jax Skint1 (Fig. 5a) ; injected embryos were implanted into foster mothers and killed at E17. Twelve of 52 injected embryos harbored the transgene. Of these, 7 showed phenotypic rescue, with 13-83% mature Vg5 + Vd1 + cells (Fig. 5b,c) ; these levels are a minimum of 10 s.d. removed from the mean of the uninjected population (mean 1.5% ± 0.9% mature cells, range 0.0-3.6%). None of the 40 transgene-negative embryos showed more than 3.1% mature cells (mean 1.3% ± 0.9%; P ¼ 6 Â 10 À6 for association of rescue with presence of transgene). Transgenic embryos with phenotypic rescue had median Skint1 expression that was 25-fold higher than that of embryos that were not rescued (P ¼ 0.0025; Fig. 5d ). The finding of a truncating mutation in Skint1 that distinguishes isogenic strains and is completely linked to Vg5 + Vd1 + T cell deficiency, along with phenotypic rescue by wild-type Skint1, constitutes formal proof that mutation of Skint1 is the cause of Vg5 + Vd1 + T cell deficiency in FVB Tac mice.
There is a markedly high prevalence of missense versus synonymous substitutions in Skint1 among strains, a hallmark of positive genetic selection (Fig. 6 ). For example, there are 16 missense versus 2 synonymous substitutions between B6 and FVB, and the Ka/Ks value (the adjusted ratio of missense to synonymous substitutions) of 3.5 is 32-fold higher than the genome-wide Ka/Ks of 0.11 for mouse versus rat 19 . Among 16 other laboratory strains, there are 4 diverse Skint1 haplotypes, each fixed multiple times in distantly related strains, consistent with all having existed among their common ancestors. In 5 additional strains derived from wild mice, there is further variation; most notably, Mus spretus shows 21 missense substitutions versus 2 synonymous substitutions compared with B6. These substitutions are distributed throughout the protein but are concentrated within the first two putative TMDs and the intervening loop.
Skint1 orthologs in other species were identified by alignments of syntenic segments (Supplementary Figs. 5 and 6 online). Rat and cow have Skint1 orthologs with identical organization and inferred protein topology and similar sequence. In contrast, Skint1 is absent in dog, and has multiple in-frame premature termination codons in both human and chimpanzee. We infer that Skint1 was present in a common mammalian ancestor but has been lost at least once in the mammalian lineage. It is noteworthy that the presence of Skint1 is correlated with presence of a restricted cutaneous T cell population. Rat, like mouse, has a prevalent Vg5 + Vd1 + T cell population in epidermis 20 , and cow skin harbors high levels of gd T cells, with predominant Vg3 and Vg7 chains 21, 22 . In contrast, human skin does not possess comparably high levels of gd T cells, nor do human T cells have a monomorphic TCR [23] [24] [25] . Mouse Skint1 paralogs were identified and characterized (Supplementary Figs. 3 and 5-7 online). There are ten intact paralogs, all clustered with Skint1 on chromosome 4 (Skint2 -Skint11, Fig. 2c ). These paralogs all show expression in thymus and/or skin; several also show expression in other tissues ( Supplementary Fig. 8 online) . All have predicted motifs and topologies like those of Skint1, including multiple TMDs. Most have multiple isoforms arising from alternative splicing, including isoforms with no predicted TMDs. Skint5 and Skint6 have an additional 49 and 40 exons, respectively, each composed of 60-63 base pairs encoding related amino acid sequences.
These paralogs also show rapid evolution. Skint2 shows evidence of positive selection between B6 and FVB (Ka/Ks ¼ 3.6). In addition, an B540 kb segment that contains Skint3, Skint4 and Skint9 (Fig. 2c) is present in B6 but entirely absent in FVB. This segment is present in 8 distantly related strains and absent in 13 others (Fig. 6) .
Only three Skint1 paralogs in mouse (Skint2, Skint7 and Skint10) are present in the rat syntenic region, and only one (Skint7) in cow. Rat has three additional paralogs not present in mouse, and cow has one; none of these paralogs are present in human, chimp or dog. It is clear that the Skint family is undergoing rapid evolution.
We have identified Skint1 as a previously unknown gene required for positive selection of Vg5 + Vd1 + T cells in the embryonic thymus and normal levels of these T cells in skin. Skint1 represents the prototype of a family of proteins expressed in thymus and skin; these proteins are unusual among immunoglobulin superfamily members for having multiple transmembrane domains.
Numerous proteins with immunoglobulin-like domains play a role in direct cell-cell signaling in the immune system. Our findings suggest that Skint1 may act by engaging a cell surface molecule on immature Vg5 + Vd1 + T cells in the embryonic thymus. This target could be the Vg5Vd1 TCR itself; however, this is not necessarily so. There are many alternative possible mechanisms for Skint1 action; discrimination among these will require further experimentation.
The expression of Skint1 in keratinocytes suggests a role in epidermis, possibly in the selective localization and maintenance of Vg5 + Vd1 + T cells in skin. Indeed, FVB Tac mice transgenic for wild-type Skint1 also show rescue of Vg5 + Vd1 + T cell deficiency in the skin (data not shown). Nonetheless, this result does not establish whether rescue in skin requires epidermal expression of the transgene, or whether expression in thymus is sufficient.
Because other immunoglobulin-like molecules involved in heterotypic immune cell-cell interactions commonly act as heterodimers, it will be pertinent to establish whether Skint1 has a heterodimeric partner; genes (such as Skint7) that show coevolution with Skint1 in species with restricted epidermal gd T cell populations are obvious candidates. The observation that Skint1 expressed in diverse mammalian cell lines does not reach the cell surface is consistent with the notion that a heterodimeric partner is needed (data not shown).
The Skint family is most similar to butyrophilin (Btn) and the Btnlike (Btnl) proteins, a distinct family of largely unknown function 26, 27 ( Supplementary Figs. 5 and 6 ). The similarity resides in the immunoglobulin-like domains; Btn proteins differ by possession of only one TMD and the presence of C-terminal PRY/SPRY domains. Like the Skint family in mouse, the BTN family has expanded in the primate lineage, and it is noteworthy that many BTN genes are expressed in thymus, B cells and/or T cells. The recent finding that variants in BTNL2 are associated with sarcoidosis, a disease characterized by exaggerated macrophage and helper T cell activity, motivates further investigation of the Btn family in immune function 28 .
The rapid evolution and positive selection of Skint family members raises the questions of what has driven these events and whether the marked variation at this locus contributes to trait variation among inbred strains. For example, susceptibility to chemically induced skin tumors, a trait associated with gd T cell deficiency 12 , has recently been shown to be linked to a segment of mouse chromosome 4 that includes the Skint cluster 29 . It will be of particular interest to determine whether Skint proteins are generally involved in the selection and maintenance of gd T cell populations and/or in other aspects of immune function. 
METHODS
Mice. C57BL/6J (B6) and FVB/NJ (FVB Jax ) mice were purchased from Jackson Laboratories, and FVB/NTac (FVB Tac ) mice were purchased from Taconic Farms. Mice were bred and maintained in accordance with approved protocols and procedures of the Yale University Institutional Animal Care and Use Committee.
Intercross and phenotyping. B6 and FVB Tac mice were crossed to produce F 1 B6/FVB Tac mice, which were then intercrossed to produce F 2 mice. Epidermal cell suspensions from 15 B6, 24 FVB Tac , 14 F 1 and 102 F 2 mice at 3-4 weeks of age were prepared and stained as previously described 4 . Vg5 + Vd1 + T cells were detected by flow cytometry using antibodies to TCRd and Vg5 (PE-GL3 and FITC-536, BD Pharmingen), antibody to Vd1 in conjunction with Vg5 (17D1, previously described) 4,30 and Cy5-conjugated goat anti-rat IgM secondary to Skint1 codon variants  Laboratory strains   1  2  2  2  2  2  2   2  2  2  2   2  2  2  2  2  2  2  2   2  2  2  2  2  2   2  2  2  2   2  2  2  2  2   +  +  +  +  +  +  +  +  +  ---------------1  1  1   2  22  27  39  74  146  160  171  187  203  208  215  224  246  250  252  254  255  269  275  276  277  278  289  290  293  297  300  301  304  305  311 Genetic and physical maps. Genetic and physical map positions of all markers and genes are relative to NCBI Mus musculus reference assembly build 35.1, which correspond to those on the University of California Santa Cruz (UCSC) Mouse August 2005 (mm7) assembly 18 . DNA sequences were aligned to this assembly via BLAT search.
Genotyping and analysis of linkage. Genomic DNA was prepared from mouse livers with a DNeasy kit (Qiagen). F 2 mice were genotyped for 143 informative microsatellite markers distributed across the mouse genome
by PCR amplification using fluorescently labeled primers, with detection on an ABI 3700 DNA analyzer and genotype calling with Genotyper software (Applied Biosystems); allele calls were verified by visual inspection. Mice with recombination within the initial linkage interval were genotyped for 12 additional informative microsatellite markers as described above and for 81 informative SNPs by PCR amplification and direct DNA sequencing. Analysis of linkage was performed using the LINKAGE program, specifying Vg5 + Vd1 + T cell deficiency as an autosomal recessive trait with 99.99% penetrance and 0.01% phenocopies.
FVB Jax and FVB Tac comparative genotyping. To confirm that FVB Jax and FVB Tac are isogenic strains, 136 microsatellite markers distributed across the mouse genome were genotyped using genomic DNA from each line, as described above. The only marker that was biallelic between the two substrains was D15Mit107. Twenty other microsatellite markers surrounding D15Mit107, including flanking markers 0.0 cM (0.5 Mb) proximal and 1.1 cM (2.2 Mb) distal, were subsequently genotyped and found to be identical between FVB Jax and FVB Tac .
Analysis of genes in the linkage interval. Known and putative exons in the linkage interval were PCR amplified from B6, FVB Jax and FVB Tac genomic DNA, purified with a QiaQuick gel extraction kit (Qiagen) and sequenced.
Characterization of full-length Skint1. The G-to-T transversion mutation in FVB Tac was found in exon 4 of NCBI record LOC384040 (as annotated in January 2006), a computationally predicted gene. Primers within predicted exons from this record were used for PCR amplification and sequencing of transcripts from thymus and skin cDNAs, revealing two additional exons and excluding LOC384040 exon 1 from the transcript. The 5¢ end of the transcript was obtained via 5¢ RACE amplification and sequencing from Marathon-Ready mouse E15 embryo cDNA (Clontech), revealing two more previously unannotated exons. A 1,244-bp cDNA containing the complete protein-coding sequence of the gene, now referred to as Skint1, was PCR amplified and sequenced from thymus, thymic epithelial cell, skin and keratinocyte cDNAs of B6, FVB Jax and FVB Tac mice, using primers in exon 1 (64 bp proximal to the start codon in exon 2) and exon 8 (85 bp distal to the stop codon). Domains in the encoded protein were identified using SignalP, TMHMM, Pfam and CDD. Expression profiles were obtained by RT-PCR using RNA from indicated tissues and cell types and Skint1-specific primers within exons 2 and 4 (633 bp; Fig. 3e ) or exons 4 and 8 (749 bp; Supplementary Fig. 4 ). RNAs used in obtaining the data in Figure 3e were from B6 mice with the exception of thymic epithelium, thymic Vg5 + T cell and keratinocyte RNAs, which were from FVB Jax mice. RNAs used in obtaining the data in Supplementary Figure 4 are from B6, FVB Jax and FVB Tac as indicated.
Creation of FVB Tac embryos transgenic for wild-type Skint1. Full-length Skint1 coding sequence was PCR amplified from FVB Jax adult skin cDNA, cloned into the pcDNA 3.1D TOPO mammalian expression vector (Invitrogen) and subcloned into the pCI mammalian expression vector (Promega). The construct was verified by DNA sequencing, then linearized and trimmed by digestion with HaeII, purified by agarose gel electrophoresis and resuspended in injection buffer (Specialty Media). FVB Tac single-cell embryos (B280) were each injected with B5 fg of purified construct and implanted into seven pseudopregnant foster mice. Fifty-two resulting embryos were killed at E17. The liver and one thymic lobe of each embryo were flash-frozen in liquid nitrogen for RNA and DNA extraction, and the remainder of the thymus was prepared for phenotyping.
Transgenic phenotyping. Thymocyte cell suspensions from 17 FVB Jax , 27 FVB Tac and 52 transgene-injected FVB Tac E17 embryos were prepared and stained as previously described 4 . Vg5 + Vd1 + T cells were detected by flow cytometry as described above, and maturity was assessed with antibody to CD45RB (PE-16A, BD Pharmingen).
Transgene integration and expression. Trizol reagent (Invitrogen) was used to extract RNA and DNA from the liver and thymus of the 52 transgene-injected FVB Tac embryos, and RNA was DNase-digested and purified with an RNeasy kit (Qiagen). Presence of the transgene was assessed by PCR amplification from DNA using transgene-specific primers. Expression of the transgene was measured via quantitative RT-PCR, with oligo(dT) priming of cDNA followed by PCR with transgene-specific primers; amplification with Actb (which encodes b-actin) primers served as an internal control. Quantification was performed in triplicate for each sample with SYBR Green and detection on an iCycler (Bio-Rad); expression level of the transgene was determined from the standard curve and normalization to Actb. Water blank and transgene-negative DNA samples were included as negative controls. Identification and characterization of Skint1 orthologs and paralogs. Fulllength sequences of orthologous genes were obtained with Vista alignments of corresponding genomic intervals. Paralogs were identified via BLAST search using Skint1 protein sequences to query six-frame translations of genomes with the tblastn program and an expect threshold of 0.01. Genes with stop codons in the IgV and/or IgC domains were characterized as pseudogenes (seven in the mouse chromosome 4 cluster, one on chromosome 9). For the ten intact paralogous genes in the mouse chromosome 4 cluster, full-length gene sequences and structures were determined via PCR and RACE amplification and sequencing of transcripts from thymus and/or skin cDNAs. Orthologs and paralogs were queried for domain structure as described above. Genes were aligned with ClustalW. Ka/Ks scores were calculated with the PAL2NAL program. Expression profiles of paralogous genes were obtained via RT-PCR using RNA from tissues of adult B6 mice (extracted, purified and reverse transcribed as described above) and gene-specific primers within the exons encoding the signal sequence and IgC domain of each Skint gene.
